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Abstract
Studying the atmospheric Planetary Boundary Layer (PBL) is crucial to understand the
climate of a planet. The meteorological measurements by the instruments onboard InSight
make a uniquely rich dataset to study the active turbulent dynamics of the daytime PBL on
Mars. Here we use the high-sensitivity continuous pressure, wind, temperature measurements
in the first 400 sols of InSight operations to analyze convective gusts, cells, and vortices in
Mars’ daytime PBL. We compare the InSight measurements to turbulence-resolving Large-
Eddy Simulations (LES). The daytime PBL turbulence at the InSight landing site is found
to be very active, with clearly identified signatures of convective cells and a vast population
of almost 10,000 recorded vortex encounters, adequately represented by a power-law with a
3.5 exponent in agreement with LES results. While the daily variability of vortex encounters
at the InSight landing site can be explained by the statistical nature of turbulence, the
seasonal variability is strongly correlated with ambient wind speed, which is supported by
LES. However, wind gustiness is more correlated to surface temperature than ambient wind
speed, confirming the radiative control of the daytime martian PBL; and fewer convective
vortices are forming in LES when the background wind is doubled. Thus, the long-term
seasonal variability of vortex encounters at the InSight landing site is mainly controlled by
the advection of convective vortices by the ambient wind speed. Typical tracks followed by
vortices forming in the LES show a similar distribution in direction and length as orbital
imagery of the InSight region.
Plain Language Summary
InSight is a lander sent to the surface of Mars with a weather station capable, like never before, to
measure pressure, temperature and winds continuously and at high cadence. We use this InSight
atmospheric data set acquired over half a Martian year, along with computer simulations, to study
the intense turbulence that develops in the daytime hours on Mars. InSight detected the heartbeat
of atmospheric turbulence, corresponding to fluid motions equivalent to “miso soup” convection.
We also detect a large population of 10,000 whirlwinds passing close to the InSight lander and
causing the pressure at the weather station to suddenly drop. The number of those whirlwind
encounters vary from day to day, because of the random turbulence, and on a seasonal basis,
because of the varying ambient wind that transports the whirlwinds towards InSight. Unlike the
population of whirlwinds, the strength of wind gusts follow the ground temperature varying with
season. We think part of those properties illustrate key differences between turbulence on Mars
and on the Earth. Whirlwinds also leave graffiti-like dark tracks at the surface of Mars that can
be imaged by satellites in the InSight region and reproduced by our numerical simulations.
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1 Introduction
Mars is a cold desert; yet its near-surface atmosphere, the so-called Planetary Boundary Layer
(PBL), is prone to strong turbulent motions in the daytime (Petrosyan et al. (2011) and references
therein). Daytime turbulent motions in the thin martian atmosphere include spectacular vortices
that may appear as dust devils if they raise sufficient dust, strong updrafts at the borders of
convective cells, and powerful wind gusts. These motions result in a mixing of heat, momentum,
dust particles and chemical species over altitudes of several kilometers above the surface, making
PBL processes on Mars a crucial step to understand the meteorology and climate. The Martian
PBL also exhibits interesting differences with the terrestrial PBL, notably a strong control on the
daytime PBL turbulence by the near-surface atmospheric absorption of surface infrared emission
(Haberle et al., 1993; Sa¨vijarvi, 1999; Spiga et al., 2010).
Phenomena related to daytime turbulence on Mars cause pressure, wind, and temperature to
fluctuate at timescales shorter than a Martian hour (defined as 1/24th of a martian day or sol).
Such signatures have been recorded in the in situ meteorological measurements of Viking (Hess
et al., 1977; Tillman et al., 1994), Pathfinder (Schofield et al., 1997; Larsen et al., 2002), Phoenix
(Ellehoj et al., 2010; Holstein-Rathlou et al., 2010), Spirit and Opportunity (Smith et al., 2006),
and Curiosity (Steakley and Murphy, 2016; Kahanpa¨a¨ et al., 2016; Ordonez-Etxeberria et al.,
2018), as is summarized in the review by Mart´ınez et al. (2017). Turbulence-resolving numerical
modeling referred to as Large-Eddy Simulations (LES) can help to make sense of the PBL events
arising in time series obtained by single-station measurements (e.g., pressure drops, wind gusts,
quasi-periodic temperature fluctuations) in the broader context of convective turbulence in the
PBL (see Spiga et al. (2016) for a review).
The instrumentation implemented on the InSight spacecraft, which landed on Mars on the
flat plains of Elysium Planitia (4.5◦N 135.6◦E) on November 28th 2018, is particularly suitable
to conduct studies of PBL turbulence (Spiga et al., 2018; Banfield et al., 2020; Banerdt et al.,
2020). The pressure sensor is characterized by its unprecedented sensitivity and high-frequency
acquisition (Banfield et al., 2018). The wind and temperature measurements, albeit similar to
the ones performed on board Curiosity (Go´mez-Elvira et al., 2012), benefit for the first time
from the simultaneous use of two booms facing in opposite directions – inadvertent destruction
of one of the Curiosity wind sensors by flying debris at landing produced observational biases
which made only winds coming from certain directions reliably measurable (Newman et al., 2017),
making the Curiosity wind retrieval challenging (Viu´dez-Moreiras et al., 2019). Another key novel
characteristic of InSight’s in situ meteorological observations is that measurements of pressure,
temperature, and wind are made continuously, as they are needed to constrain the atmosphere-
induced seismic noise (Murdoch et al., 2017; Kenda et al., 2017) at all times in order to assess
how much of the seismic signal corresponds to the activity in the interior of Mars. Those direct
atmospheric measurements are complemented by surface brightness temperature sensing (Mueller
et al., 2020), color imaging (Maki et al., 2018), and, for the first time at the surface of Mars,
seismic measurements (Lognonne´ et al., 2020). Furthermore, solar array currents can also be used
for atmospheric investigations (Lorenz et al., 2020).
The potential of InSight to study the daytime PBL turbulence was actually unveiled the very
first time the pressure sensor was switched on for a 900 second test, at about 10:30 Mars local time
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Figure 1: The first pressure measurements on board InSight on sol 4 (Ls = 298
◦, November 30th
2018) directly shows how daytime convective turbulence in the PBL leaves distinctive signatures in
the pressure time series (the time axis is the Mars local true solar time as described in section 2.1).
An encounter with a convective vortex caused a sudden drop in pressure and the convective cells
led to quasi-periodic fluctuations of pressure with a period of about 100 seconds.
on InSight sol 4. Figure 1 shows the occurrence of a sudden pressure drop of amplitude 0.6 Pa,
characteristic of a convective vortex, and 100-second-period fluctuations of pressure of amplitude
0.1 Pa, characteristic of convective cells.
The goal of the present study is to use InSight measurements in the first half year of operations
in order to explore the atmospheric PBL dynamics in the daytime, especially convective cells
and vortices, and to propose a preliminary assessment of the seasonal variability thereof and
the vortex population statistics. This paper focuses on PBL turbulent structures and convective
vortices, regardless of whether they carry dust particles or not. The diagnostics drawn from
InSight observations are compared to turbulence-resolving LES using the model described in Spiga
et al. (2010). The topics related to PBL dynamics left out of the current study are detailed in
other papers of this issue: notable individual dust devil events (Lorenz et al., submitted), seismic
signatures of vortices (Murdoch et al., in revision, Garcia et al., accepted), orbital observations
of vortex tracks (Perrin et al., 2020) and aeolian science with InSight (Charalambous et al. and
Baker et al., submitted). As is shown in Banfield et al. (2020), InSight has a great potential too
for studies of the nighttime, shear-driven turbulence associated with the nocturnal inversion. This
topic is out of the scope of the present paper, which focuses on the daytime PBL dynamics, but
will be developed in future papers.
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2 Methods
2.1 InSight observations
This study includes observations acquired in the first 400 sols of Insight operations at the surface
of Mars. To indicate seasons on Mars, the Mars-Sun angle, referred to as the areocentric solar
longitude Ls in degrees (
◦), is used with the standard convention that 0◦ corresponds to northern
spring equinox. InSight landing on November 26th, 2018 corresponds to InSight sol 0 and Ls = 295
◦
(northern winter). The last sol considered in this paper, sol 400, corresponds to Ls = 134
◦
(northern summer). As far as local time is concerned, in order to permit the analysis on seasonal
timescales and the comparison of InSight observations with models, we use the sundial-equivalent
Mars Local True Solar Time (LTST) in which noon corresponds precisely to the zenith position of
the sun in the sky.
The characteristics of the InSight instruments relevant for atmospheric science are summarized
in Spiga et al. (2018) and the Methods section of Banfield et al. (2020). This paper uses measure-
ments from the pressure, temperature and wind sensors on board InSight, which in addition to
the magnetometer form the Auxiliary Payload Sensor Suite (APSS). Details of the calibration of
the pressure sensor and the Temperature and Winds for INSight (TWINS) sensors can be found
in Banfield et al. (2018). Only the characteristics relevant to this study are briefly discussed here.
The Insight pressure measurements are carried out at 20 Hz with a noise level of 10 mPa Hz−1/2 from
0.1-1 Hz rising to 50 mPa Hz−1/2 at 0.01 Hz. This is a significantly higher frequency and lower noise
level than the previous pressure sensors sent to Mars (Mart´ınez et al., 2017) and is appropriate to
study expected daytime turbulent signatures: gusts, vortices, and cells (Spiga et al., 2018). An
inlet tubing is included to minimize the effects of wind on the pressure measurements (Banfield
et al., 2018).
The TWINS sensor booms are similar to those on board the Curiosity rover (Go´mez-Elvira
et al., 2012). The booms are located on the InSight platform, facing outward in opposite directions
over the two solar panels. Their altitude from the surface is respectively 121.5 cm and 111.5 cm
for the west and east booms (Banfield et al., 2020). Wind and air temperature are acquired at
a frequency of 1 Hz and an accuracy of ∼ 1 m s−1 for wind speed, 22.5◦ for wind direction, and
5 K for temperature. The wind measurements are modeled reconstructions, combining the two
booms’ measurements (with a preferential selection of the boom facing the prevailing wind) and
computational fluid dynamics simulations of the lander’s influence (Banfield et al., 2018).
The use of atmospheric temperatures retrieved by InSight deserves particular care, owing to
the influence by the lander on air temperature measurements, most probably solar-panel thermal
contamination (Viu´dez-Moreiras et al., this issue;, see also Methods in Banfield et al. (2020)). As
a result, atmospheric temperature is over-estimated in the daytime hours. A strategy to mitigate
those effects in the daytime is to consider, at each time, the minimum of the two temperature
values deduced from each TWINS booms. In what follows, what is named “air temperature” and
denoted Ta refers to this quantity. This strategy was found to reduce the bias on air temperature,
albeit not fully mitigating it. In what follows, we use the TWINS air temperature mostly to
compute the surface-to-atmosphere temperature gradient. To further mitigate the impact of the
temperature bias on the analysis of this paper, we checked that our conclusions still stand if another
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air-temperature estimate is considered (such as the temperatures from each of the booms, or an
average of those temperatures).
Surface (i.e., ground) brightness temperature measurements are performed by the HP3 radiome-
ter on board the InSight lander. The details on this sensor calibration are described in Mueller
et al. (2020). The HP3 radiometer sensors measure the surface brightness temperature in three
spectral bands (8-14 µm, 8-10 µm, 15-19 µm) at two different spots relative to the InSight lander,
named the close spot and the far spot (Spohn et al., 2018). In what follows, we only use the surface
brightness temperature retrieved in the far spot that, contrary to the close spot, is devoid of lander
contamination (shadowing, thermal effects). Considering the larger calibration uncertainties of the
two spectral bands 8-10 µm and 15-19 µm (Mueller et al., 2020), in what follows surface brightness
temperature is based on the sole 8-14 µm spectral band.
2.2 Vortex detection method
Convective vortices developing in the martian PBL, and passing closely enough to the InSight
lander, manifest as sudden pressure drops. This is the most distinctive signature of those vortices
in the atmospheric sensors at the surface (see Murphy et al. (2016) for a review). Frequent –
albeit not systematic – wind direction reversals are also associated with those encounters, as well
as an increase of wind speed. The variations of pressure associated with convective cells develop on
longer timescales and the pressure drop is less deep (Lorenz, 2012; Spiga, 2012). This distinction
between daytime PBL vortices and cells can be clearly diagnosed, for instance, in the pressure
signal shown in Figure 1.
The method of detecting vortex pressure drops in the time series of InSight is slightly different
than most published studies (e.g., Kahanpa¨a¨ et al. (2016)). Those existing studies adopt a method
detecting locally the drop of pressure from the ambient pressure measured just before the passage
of a vortex. Here we adopt a method detecting globally pressure drops over the record of pressure
of a full day. Firstly, the InSight pressure signal over a complete sol is detrended from the diurnal
cycle of pressure by subtracting a 1000-second window average from the signal; then a search of
the minima of pressure is performed between LTST 08:00 and 17:00 (which covers the local time of
occurrence of drop events, see section 3), starting from the deepest pressure drops and gradually
removing the detected drops from the signal. No particular bias in the obtained statistics is
expected between our method and the one adopted in past studies. Our method simply appeared
as more efficient and straightforward in the (unprecedentedly continuous) pressure records obtained
on board the InSight lander.
Only pressure drops deeper than 0.3 Pa are considered in the analysis, since pressure signatures
below 0.3 Pa may be confused with convective cells. This limit of 0.3 Pa is also the one adopted
in past studies (Ellehoj et al., 2010), although for pressure sensors with a higher noise level than
InSight, a conservative 0.5 Pa limit is used (Kahanpa¨a¨ et al., 2016). Detrending with 500-s to
2000-s windows was tested and the 1000-s window was finally selected, given that the shorter
window causes long-lasting vortices to be left out (or their drop underestimated). The longer
window results in the inclusion of too many of convective cell signals in the search for vortices.
An example of five typical InSight sols with vortex detection using pressure time series is shown
in Figure 2.
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Figure 2: Typical examples of detecting vortex-induced pressure drops in the InSight time series
are shown for sols 18, 19, 65, 94, 364 (from top to bottom). The left plots show, in blue, the
InSight daytime pressure measurements detrended by subtracting the signal smoothed with a 1000-s
Hanning window applied on the whole sol and, in orange, ticks for detected pressure drops. The
right plots feature a subpanel plot for each of the deepest drops detected on each sol: the blue lines
are the InSight pressure measurements and the orange lines are the smoothed signal.
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2.3 Large-Eddy Simulations (LES)
The results obtained from the InSight measurements are compared with turbulence-resolving
Large-Eddy Simulations (LES, see the review of Spiga et al. (2016) for a complete list of ref-
erences for Mars and the Earth). The principle of LES is to run a hydrodynamical solver of the
Navier-Stokes equations at fine enough spatial resolution – on Mars, several tens of meters – to
resolve the largest turbulent eddies in the daytime PBL, responsible for most of the transport of
heat and momentum there (Toigo and Richardson, 2003; Michaels and Rafkin, 2004; Spiga et al.,
2010). Such computationally-expensive simulations are usually performed following the idealized
setting of an infinite flat plain through doubly-periodic boundary conditions. The turbulent eddies
resolved by LES include the convective cells, gusts, and vortices developing in the daytime PBL –
only the very-small-scale “local” turbulence is not resolved by LES.
Here we use the model described in Spiga and Forget (2009) and Spiga et al. (2010) which
couples the Weather Research and Forecast (WRF) hydrodynamical solver (Skamarock and Klemp,
2008), run at high spatial and temporal resolutions typical of LES (Moeng et al., 2007), to the
physical parameterizations, notably radiative transfer, developed for Mars at the Laboratoire de
Me´te´orologie Dynamique (LMD, see e.g. Forget et al. (1999) and Madeleine et al. (2011))
Large-Eddy Simulations performed for this study dedicated to InSight extend those developed
as pre-landing investigations in Kenda et al. (2017), Murdoch et al. (2017), and Spiga et al.
(2018). The first two papers used LES with a resolution of 50 m and the third paper presented
LES with a resolution of 10 m. Both are appropriate to resolve convective cells, provided the
horizontal domain is sufficiently large to include several convective cells so as to avoid boundary
effects (Mason, 1989; Michaels and Rafkin, 2004). However, as far as vortices are concerned, the
50-m configuration only allows the largest vortices to be resolved and the 10-m configuration is too
computationally expensive to be run on the whole local time period in which vortex activity takes
place. Moreover, our objective in this study is to perform several LES runs in order to explore
the sensitivity of vortex activity to local time, seasonal conditions and ambient wind speed, which
makes the 10-m-resolution approach untractable for this purpose.
We thus carry out in the present study LES with a spatial resolution of 25 m (using an integra-
tion timestep of 1/4 second). The horizontal domain extends over 481×481 grid points in the hor-
izontal directions, which makes the total extent of the simulation domain 12 km × 12 km. The top
of the model is set at 10 km altitude (about twice the expected PBL depth) with 241 vertical levels.
The surface temperature calculations in the model use a thermal inertia of 180 J m−2 K−1 s−1/2
and an albedo of 0.16, corresponding to the conditions encountered at the InSight landing site
(Golombek et al., 2020). Radiative transfer computations assume the longitude and latitude of
the InSight landing site for the whole LES horizontal domain.
LES runs are initialized with a vertical temperature profile set to be uniformly similar at all
model grid points and extracted at the relevant season and location from Global Climate Model
simulations (GCM, Forget et al. (1999); Millour et al. (2015)). The LES integrations are started
at 07:00 local time (LTST) and the diurnal evolution of incoming sunlight and temperature profile
in the PBL are computed online during the LES integrations by the radiative transfer scheme. An
uniform and constant profile of ambient wind speed V (positive in the x direction) is prescribed in
the model. Surface friction and turbulence alter this prescribed profile during the LES integrations,
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so that the value V of prescribed ambient wind represents wind conditions in the free atmosphere
above the PBL; the value of ambient wind speed is about V/2 at the height relevant for InSight
comparisons (1.165 m, see section 2.1).
3 Vortex population and statistics
3.1 General population
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Figure 3: This logarithmic diagram shows the distribution of detected pressure drops per sol in
the InSight time series, normalized by diurnal coverage and number of observed sols. A total of
354 InSight sols, with uninterrupted pressure measurements in the daytime hours, are included to
obtain the full red line. The equivalent statistics from other landers are included for the sake of
comparison: Pathfinder with the blue dashed line (Murphy and Nelli, 2002), Phoenix with the green
dotted line (Ellehoj et al., 2010), Curiosity with the cyan dash-dotted line (Ordonez-Etxeberria
et al., 2018).
Convective vortices are known to be ubiquitous on Mars (Fenton et al., 2016), yet InSight
appeared as a particularly active site for convective vortices. This has been demonstrated with 200
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sols of observations by InSight in Banfield et al. (2020). Figure 3 confirms, after 400 sols of InSight
observations, that the InSight lander operates in a location prone to numerous vortex encounters
compared to previous missions equipped with a pressure sensor: Pathfinder (Murphy and Nelli,
2002), Phoenix (Ellehoj et al., 2010), Curiosity (Kahanpa¨a¨ et al., 2016; Ordonez-Etxeberria et al.,
2018). Considering the 1-Pa pressure drops as a proxy for the total number of vortex events per
sol, the InSight lander experiences ten times more convective vortices than the Curiosity lander
did and about twice as many as Pathfinder.
A total of about 9000 vortex-induced pressure drop events are detected between sol 0 and sol
400 of InSight operations. The strongest detected pressure drop is 9.2 Pa (Banfield et al., 2020;
Lorenz et al., 2020), which is the deepest vortex-induced pressure drop detected to date on Mars.
The sample of vortex detections shown in Figure 2 for five typical sols illustrates the strong diurnal,
daily, and seasonal variability of detected vortex encounters at the InSight landing site.
3.2 Local time
The local time of occurrence of convective vortices at the InSight landing site is between LTST
08:00 and 17:00 (Figure 4). The latest vortex-induced pressure drop deeper than 0.3 Pa detected at
the InSight landing site in the first 400 sols of operations is at LTST 16:38. The earliest detection
is at LTST 07:48 (sol 388) and it was the only detection prior to LTST 08:00 in the first 400 sols
of Insight operations.
Overall, at the InSight landing site, the vortex activity is high between local times LTST
10:00 and 14:00. As is shown in Figure 4, the peak of activity for pressure drops is between
11:00 and 12:00 LTST, with an extent towards 12:30 for pressure drops stronger than 0.5 Pa.
The mean of the distribution is found at respectively 11:52 LTST and 12:06 LTST; the standard
deviation of the two distributions shown in Figure 4 is 1.6 hour. This is, apparently, an earlier
peak than expected from studies based on missions other than InSight which exhibit a maximum
occurrence of vortex-induced pressure drops around noon (Murphy et al., 2016; Kahanpa¨a¨ et al.,
2016). However, Ordonez-Etxeberria et al. (2018) (their Figure 12) found that the distribution
of daytime pressure drops detected by Curiosity peaked between 11:00 and 12:00 LTST when
considering only local spring and summer, which are also the seasons covered by the present study
addressing the first half a year of InSight operations. In the InSight data, there is also a tendency
of the peak of vortex activity to occur earlier in the summer season, by about half an hour LTST.
In local summer, Newman et al. (2019) found that the vortex encounters detected by Curiosity
exhibited a double-peak structure at LTST 10:00 - 11:00 and 13:00 - 14:00 (see also simulations by
Chapman et al. (2017)). This double-peak structure is not found during the first northern summer
season experienced by InSight.
3.3 Statistical distribution of pressure drops
A question discussed at length in the existing literature (Lorenz, 2011; Jackson and Lorenz, 2015;
Kurgansky, 2019) is whether the distribution of pressure drops caused by convective vortices
(Figure 3) follows a power law or not, and what is the exponent of this power law. Clearly, the
rich InSight dataset permits the exploration of this question with an interesting new statistical
11
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Figure 4: The vortex-induced pressure drops detected in the first 400 sols of InSight operations
are gathered here in histogram plots with bins spanning half-an-hour intervals of Local True Solar
Time. The top plot includes all detected pressure drops (with a threshold of 0.3 Pa) while the
bottom plot includes only the pressure drops deeper than 0.5 Pa.
perspective, given the large population of detected vortex events. The upper panel of Figure 5
shows a normalized log-log distribution (with logarithmic-sized bins) of all the vortices detected in
the first 400 sols of InSight operations. A power-law distribution would appear as a linear trend
in this diagram. Normalized distribution means that the number of events per bin is divided by
the bin widths (Lorenz, 2011), which allows the differential distribution in pressure drops to be
retrieved (Kahanpa¨a¨ et al., 2016).
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Figure 5: The population of detected pressure drops normalized by bin sizes (widths) is shown
here on a logarithmic histogram with logarithmically-scaled bin sizes, following e.g. Lorenz (2011).
The top plot includes all vortex-induced pressure drops detected by InSight in the first 400 sols of
operations. The bottom plot shows only vortices with pressure drops deeper than 1 Pa. An optimal
power-law fit of the distribution, obtained by a non-linear Levenberg-Marquardt least-squares ap-
proach, is shown as a red line with the optimum exponent shown in the legend. The red and green
dotted lines indicate the normalized population (value on the y-axis) corresponding to respectively
one vortex and ten vortices in each respective bins in the x-axis.
The optimal fit we obtain in Figure 5 (upper panel), with a non-linear Levenberg-Marquardt
least-squares approach, suggests that the observed distribution of pressure drops at the InSight
landing site is well represented by a power-law distribution with a 3.5 exponent. The fit is partic-
ularly good for vortices having pressure drops between 0.3 and ∼1.5 Pa. This is reasonably close
to the exponent 3.7 - 3.8 found for Curiosity observations (Steakley and Murphy, 2016; Kurgan-
sky, 2019) and to the exponent of 3 - 3.5 obtained from corrected Phoenix observations (Jackson
et al., 2018). Here we caution the reader that we did not attempt to perform a statistical analysis
on the choice of function to fit the pressure-drop population. We adopted the power law as a
means to compare the distributions obtained by InSight observations versus other measurements
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and numerical simulations, but our analysis does not rule out other possible functions to fit the
distribution.
For pressure drops deeper than 1.5 Pa, the 3.5-exponent power law appears to underestimate
the number of events actually detected by InSight. For that particular population, a power law
with an exponent of 2.6 provides a better fit, as is shown in the lower panel of Figure 5. We did not
identify problems or biases in our detection method that would explain why the deepest pressure
drops might be systematically overestimated, as would be implied by Figure 5 top if we assume that
the 3.5-exponent power law is the reality. Instead, we think this power-law slope break might have
two causes. Firstly, from a statistical standpoint, it might simply be due to the fact that the total
number of the deepest detected drops is not sufficient to draw statistically-meaningful conclusions
about power-law exponents. This possibility is supported by the fact that the drop distribution did
follow a 2.6-exponent power law when we considered the statistics of all pressure drops deeper than
0.3 Pa after only 40 sols of InSight operations. Secondly, from a physical standpoint, a possible
explanation could be that vortex merging, which leads to a larger population of deep vortices
than expected, could explain why the deepest vortices follow a 2.6-exponent law rather than a
3.5-exponent law. This would mean that vortex merging is more efficient for the vortices with the
deepest pressure drops.
Figure 6: A vortex-induced pressure drop detected on sol 68 is shown here with a blue line, on a
diagram having the time axis in seconds centered on the pressure drop. The part of the pressure drop
considered for the analysis is colored in orange. Comparisons with analytical shapes are added in
the figure: Gaussian model (orange dashed line), Lorenz et al. (2015) (yellow line), Vatistas et al.
(1991) (violet line), Ellehoj et al. (2010) (green line).
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3.4 Vortex profile
Another key question is the analytical profile of pressure with respect to radius within convective
vortices, i.e. how the pressure signal drops off with distance from the centre of the convective
vortex. This may be computed from pressure time series during vortex events – more sophisticated
approaches combining pressure and wind measurements, such as the one envisioned in Jackson
et al. (2018) are left for future studies. In the simple approach adopted here, the normalized
radius r = 2x/D for a vortex of diameter D passing at a distance of x from the pressure sensor
is considered to be equivalent to the ratio between time coordinate and the full width at half
maximum (FWHM) of the vortex pressure time series, assuming that the FWHM measured in the
time series is half of the encounter duration. In other words, the advection speed drops out of the
equation for the normalized radius, meaning time and distance can be used interchangeably in the
simple analysis framework we chose here.
Our practical methodology is as follows: for a given pressure drop event, a sample of detrended
pressure is extracted 200 seconds around a pressure drop and fitted to a Gaussian function to obtain
the encounter duration (as FWHM) along with the pressure drop amplitude. We then considered
the three major analytical functions proposed for vortex pressure drop ∆P as a function of vortex
radius r: Vatistas et al. (1991), Ellehoj et al. (2010), Lorenz et al. (2015). We use a normalized
root mean square error cost function in order to determine the goodness of fit of the pressure data
to the analytical functions. When considering only the vortex events which provide a goodness of
fit of at least 0.5 for all three models (which sums up to about 700 events in the first 200 sols of
InSight considered for this particular analysis), we obtain a mean goodness of fit of about 0.7 for
all models, including a simple Gaussian fit. An example of fitting a representative individual event
is shown in Figure 6. There is no particular evolution of the goodness of fit with sol number; and
when considering the mean wind speed and direction during the duration of each vortex event, the
selected good-fit events are representative of the full distribution. Additionally, there is no clear
trend between the encounter duration and the wind speed as the vortex radius and miss distance
will also influence the encounter duration. We conclude that, at least from the point of view of
this analysis of InSight observations in the first 400 sols of operation, no particular model can be
deemed more suitable than another. The relative merit of each model should be assessed given
their physical meaning for the specific dataset, or science case, considered.
4 Daytime turbulence and seasonal variability observed by
InSight
4.1 Environmental conditions and PBL forcings
The seasonal evolution of the conditions relevant for turbulence in the daytime PBL is summarized
in Figure 7.
Surface temperature Ts behaves as expected from the seasonal evolution at the equator, given
InSight values of albedo and thermal inertia typical of Martian bare soil. A seasonal decrease of
surface temperature is observed from northern winter (Ls = 300
◦) to northern summer (Ls = 90◦),
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Figure 7: The seasonal evolution of daytime surface temperature (top), surface-to-atmosphere
temperature gradient (middle), and ambient wind speed (bottom), are shown for the first 400 sols
of Insight operations. Each point is an average of the indicated quantity performed for each sol
in the local time interval 11:00 - 14:00 (Local True Solar Time). Atmospheric wind and tem-
perature measurements by APSS/TWINS data are available for more sols than shown here; the
three diagrams only show the sols for which sufficient HP3 radiometer data for surface brightness
temperature measurements were collected in the local time interval considered.
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then surface temperatures rise again, pointing towards an expected seasonal peak at northern fall
equinox (Ls = 180
◦) as predicted, e.g., from the Mars Climate Database (Millour et al., 2015).
A notable dip of daytime surface temperature – departing from the sine-shaped seasonal evo-
lution – occurred from sol 40 to sol 80 and corresponds to a large regional dust storm outside the
InSight landing site region that doubled the dust optical depth in the InSight landing site region
(Banfield et al. (2020), Viu´dez-Moreiras et al. this issue). As a result, at the InSight landing site,
the incoming sunlight reaching the Martian surface is lower as a result of enhanced absorption and
scattering by the additional dust particles present in the atmosphere, hence the dip in daytime
surface temperature.
What drives PBL convection in daytime is the near-surface convective instability that we could
diagnose by computing the surface-atmosphere gradient Ts − Ta. The seasonal evolution of this
gradient follows to first order the seasonal evolution of surface temperature; yet the impact of
the local dust storm from sol 40 to sol 80 appears more prominent than it is on the surface
temperature signal. The surface-atmosphere gradient also stays quite high on sol 150 while the
surface temperature has started its seasonal decrease.
Another important control on PBL convection is the near-surface ambient wind speed V . Dis-
cussing the physical mechanisms underlying the seasonal evolution of large-scale wind speeds is
out of the scope of the present paper (see Spiga et al. (2018), Banfield et al. (2020), Forget et al.
this issue). Suffice to say here that the high daytime wind speeds in northern winter (beginning
of the InSight mission, Ls = 300 − 330◦) and northern spring to summer (Ls = 60 − 120◦), and
the decrease in late northern winter correspond to the transition between two annual wind regimes
driven by a combination of large-scale (Hadley cells) and regional (western boundary currents)
circulations.
In what follows, we resist calculating a (normalized) sensible heat flux by multiplying the
surface-atmosphere gradient Ts − Ta and ambient wind speed V . Contrary to Earth, in the low-
density martian atmosphere, the near-surface instability that drives the daytime turbulence is
mostly a result of radiative warming through CO2 (and, to lesser extent, H2O and dust) absorption
of incoming surface infrared flux (see Haberle et al. (1993), Sa¨vijarvi (1999), and Spiga et al. (2010)
section 4). Sensible heat flux still plays a role in driving daytime turbulence on Mars, but less so
than radiative contributions, in contrast to the terrestrial case. The contribution of sensible heat
flux on the Martian PBL only becomes dominant in extreme regional wind conditions encountered
over steep slopes (Spiga et al., 2011).
From the seasonal evolution of surface-atmosphere temperature gradient and ambient wind
speed, three sequences in the first half year of InSight can be drawn – the indicated season references
the northern hemisphere.
1. Early mission (late winter, sols 0 to 40, Ls = 300− 330◦). This sequence is characterized by
both high surface-atmosphere temperature gradient, mostly as a result of surface temperature
being high, and high ambient wind speed in the northern winter “windy” season.
2. Dust storm and spring (early spring, sols 40 to 160, Ls = 330 − 30◦). Following the rise of
dust opacity at the InSight landing site caused by a regional dust storm that started on sol 40
(Banfield et al. (2020), Viu´dez-Moreiras et al., this issue), both the surface-atmosphere tem-
perature gradient and the ambient wind speed decrease. The decrease in surface-atmosphere
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temperature gradient is significant (from about 45 K to about 32 K) but, even in those
regional dust storm conditions, near-surface temperature gradients on Mars remain super-
adiabatic. The behavior of the wind speed is more subtle and less clearly related to the
regional dust storm than temperature. Wind speed actually remains high at the beginning
of the regional dust storm from sol 40 to sol 45. Then, the decrease in wind speed starting
at sol 50 at Ls = 326
◦ is predicted as a normal seasonal evolution by the pre-landing LMD
GCM simulations in Spiga et al. (2018) even with no regional dust storm at this season (see
their Figure 8). Indeed, the transition from northern winter solstice to spring equinox cause
the wind speed to decrease, as a prelude to the seasonal reversal of the Hadley circulation
closer to northern summer solstice. This difference of evolution between temperature and
wind speed is also clear in the aftermath of the regional dust storm. When the dust opacity
returns to levels seen at the beginning of the mission (around sol 80, see Banfield et al.
(2020)), both surface temperature and surface-atmosphere temperature gradient rise again
to close to pre-storm values, to follow the sine-shaped long-term seasonal variations; con-
versely, ambient wind speed remains low, in agreement with the seasonal evolution predicted
by models (see Spiga et al. (2018) and also Baker et al. this issue).
3. Aphelion season (from mid-spring to summer, sols 160 to 400, Ls = 30−120◦). Starting from
sol 160, both the surface temperature and the surface-to-atmosphere temperature gradient
decrease dramatically (-10 K), while at the same time the ambient wind speed rises by
almost a factor 2 to reach values slightly larger than in the Early mission sequence. This
sequence is interesting for the seasonal evolution of turbulence, since it combines a wind speed
equivalent to the Early mission sequence but surface temperature conditions 30 K colder than
during this earlier sequence. Note that there is a gap in the range Ls = 60 − 90◦, due to
a combination of HP3 radiometer troubleshooting and solar conjunction, but the pressure,
temperature, and wind measurements available in this range shows that the atmospheric
conditions are equivalent to those before and after the data gap.
4.2 Seasonal evolution of turbulence
4.2.1 Convective vortices
Figure 8 shows the seasonal evolution of the number of convective-vortex pressure drops detected
at the InSight landing site. A priori, the seasonal evolution of detected vortices should be driven
by the seasonal evolution of both surface-to-atmosphere gradient and ambient wind speed (often
combined together, along with the PBL depth, in a quantity named the “Dust Devil Activity” by
Renno et al. (1998), see also Newman et al. (2017) and Baker et al. this issue). Figure 8 clearly
indicates, over half a year of InSight observations, a much clearer correlation with the ambient wind
speed than with the surface-to-atmosphere gradient – whether the total population of vortices or
the population of deepest-drop vortices are considered. The vortex activity at the InSight landing
site is as intense in the Aphelion season sequence as in the Early mission sequence, despite a
significant drop in surface-to-atmosphere gradient. In the Dust storm and spring sequence, the
vortex activity also closely follows the evolution of ambient wind speed and, in the latest stages of
this sequence, rises while the surface-to-atmosphere gradient is dropping significantly as a result
18
40 80 120 160 200 240 280 320 360 400
InSight sol
0
8
16
24
32
40
48
56
#
 p
re
ss
ur
e 
dr
op
s 
ab
ov
e 
0.
3 
Pa Ls = 300 Ls = 330 Ls = 0 Ls = 30 Ls = 60 Ls = 90 Ls = 120
40 80 120 160 200 240 280 320 360 400
InSight sol
0
2
4
6
8
10
12
14
16
18
#
 p
re
ss
ur
e 
dr
op
s 
ab
ov
e 
0.
5 
Pa Ls = 300 Ls = 330 Ls = 0 Ls = 30 Ls = 60 Ls = 90 Ls = 120
40 80 120 160 200 240 280 320 360 400
InSight sol
0
1
2
3
4
5
6
7
8
#
 p
re
ss
ur
e 
dr
op
s 
ab
ov
e 
1.
0 
Pa Ls = 300 Ls = 330 Ls = 0 Ls = 30 Ls = 60 Ls = 90 Ls = 120
Figure 8: The number of vortex encounters detected in each sol of InSight operations are shown
here for retrieved pressure drops above 0.3 Pa (top), 0.5 Pa (middle), 1 Pa (bottom). The blue
squares correspond to InSight sols with complete daytime coverage in the local time interval 08:00-
17:00. The cyan squares correspond to incomplete InSight sols, having gaps several hours long
in the local time interval 08:00-17:00. In those particular cases, the number of vortex encounters
is obtained by considering the number of detected pressure drops in the covered local times and
correcting for local time gaps using a Gaussian diurnal distribution approximating the observed
local-time distribution in Figure 4.
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of seasonal evolution. We note that past studies also reported an increase in vortex detections in
frontal conditions when the ambient wind speed was likely to be significantly higher (Ellehoj et al.,
2010; Steakley and Murphy, 2016; Kahanpa¨a¨ et al., 2016).
This correlation between the activity of convective vortices and ambient wind speed is degen-
erate. Higher ambient wind speed causes larger sensible heat flux, hence a putatively more active
turbulence – although on Mars the radiative forcing of the daytime PBL is dominant. However,
vortices are also advected by the ambient wind (Balme et al., 2012; Reiss et al., 2014) hence move
faster if the ambient wind is large. Thus, if we assume a similar vortex formation rate at low
and high wind conditions, the probability of encounter by a fixed station such as InSight would
be larger in the high-wind case. Large-Eddy Simulations are proposed in section 5 to further
investigate this question. At the same time, it should be noted that shearing may prevent the
formation of convective vortices if the ambient wind speed is too high (Kurgansky et al., 2011;
Balme et al., 2012). This does not seem to be the case at the InSight landing site where, even in
the low-surface-temperature and high-wind-speed conditions of the Aphelion season sequence, the
number of vortex encounters is very high.
4.2.2 Wind gustiness
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Figure 9: The seasonal evolution of normalized gustiness, defined as the standard deviation of
wind speed (representing turbulence) normalized with the mean wind speed (i.e. the ambient wind
speed) is shown here in the same fashion as is done in Figure 7). The same local-time interval of
11:00-14:00 as Figure 7 is used to compute the mean and standard deviation of wind speed.
Figure 9 shows the normalized daytime gustiness, obtained from the standard deviation of
wind speed divided by the mean wind speed (computed over intervals of local times 11:00-14:00
LTST). Interestingly, in both the Early mission and the Dust storm and spring sequences, the
gustiness remains roughly constant at values 35-45%. There is no apparent influence of the local
dust storm on this normalized gustiness: the strong decrease in vortex encounters noticed at sol
50 in Figure 8 is not observed in the normalized gustiness. Gustiness and vortices are two integral
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parts of daytime convective turbulence in the PBL; however, contrary to the vortex count, the local
normalized gustiness is supposedly corrected of the effect of advection by the wind normalization
(a vortex count normalized by ambient wind speed is sometimes used also, see Ellehoj et al. (2010)
and Holstein-Rathlou et al. (2010)). The fact that, in the Dust storm and spring sequence, vortex
count decreases, while normalized gustiness does not, suggests that the advection effect is the
dominant explanation for the seasonal correlation between vortex encounters and ambient wind
speed at the InSight landing site.
What Figure 9 also indicates is a decrease of gustiness in the Aphelion season sequence, from
a value of 40% to 25%. This decrease of gustiness appears to be associated with the decrease of
both the surface-to-atmosphere gradient and the surface temperature shown in Figure 7, while the
ambient wind speed increases. However, the seasonal evolution puts the surface-to-atmosphere
gradient at the same values at Ls = 60
◦ as during the local dust storm at Ls = 330◦; this is not
the case for surface temperature which reaches much lower values at Ls = 60
◦. This, and the fact
that normalized gustiness has not decreased during the local dust storm while it has decreased
significantly at Ls = 60
◦, indicates that normalized gustiness is primarily sensitive to surface tem-
perature. Such a correlation between daytime surface temperature and gustiness is in agreement
with the martian daytime PBL turbulence being mainly driven by radiative contributions rather
than sensible heat flux, contrary to Earth. Lower daytime surface temperature in the Aphelion
season sequence implies lower infrared flux from the surface to the atmosphere, hence lower ra-
diative flux absorbed by the CO2 atmosphere overlying the Martian surface, and as a result less
intense convective turbulence (Sa¨vijarvi, 1999; Spiga et al., 2010). The Aphelion season sequence,
during which gustiness is lower than in the Early mission sequence while vortex encounters are as
numerous, strongly suggests that advection by ambient wind speed is a key element for explaining
sequences of sustained vortex encounters at the InSight landing site.
The slight increase of normalized gustiness from 25% to 30% close to Ls = 120
◦ is also correlated
with the slow seasonal increase of surface temperature at the end of norther summer. What remains
to be explained is why the drop in daytime surface temperature during the regional dust storm
is not associated with a drop of normalized gustiness. A possibility is that the dust particles
injected by the distant regional dust storm and present in the PBL at the InSight landing site
cause an increase of infrared absorption in the PBL that would add up to the CO2 absorption and
compensate (approximately) the decrease in energy input coming from the surface that received
less sunlight because of dust absorption and scattering.
5 Comparison with Large-Eddy Simulations (LES)
We performed eight LES runs which all share the same simulation configuration described in
section 2.3. Table 1 summarizes the parameters chosen for the exploration of environmental con-
ditions encountered at the InSight landing site during the first 400 sols of operation. What differs
from one simulation to the other is the ambient wind speed, and the season considered for the
LES radiative transfer computations (and, accordingly, the initial temperature profile). This is
designed to explore the impact of the seasonal variations of environmental conditions described
in section 4.1. A typical pressure field predicted by LES is shown in Figure 10, with localized
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season Ls (
◦) 300 300 0 0 30 30 120 120
ambient wind V (m/s) 10 20 10 20 10 20 10 20
Table 1: The parameters explored by the eight Large-Eddy Simulations carried out for this study
are provided in this table. Further details on the other (common) modeling settings are provided in
section 2.3. The ambient wind corresponds to conditions in the free atmosphere not influenced by
friction and turbulence close to the surface; at the height of InSight measurements, the equivalent
ambient wind is about V/2.
vortex-induced pressure drops forming at the intersection of larger-scale convective cells (Kanak,
2006; Toigo and Richardson, 2003; Michaels and Rafkin, 2004; Spiga et al., 2016). It should be
emphasized here that the results we discuss in this paper with our 25-m LES will be in need to
be confirmed by future work using higher-resolution LES (typically 5 m, a factor of five better) to
better resolve the population of small-radius vortices (Nishizawa et al., 2016; Giersch et al., 2019).
5.1 Vortex statistics
To compare the vortex statistics predicted by our LES runs with those obtained from InSight
observations (see section 3), LES time series of pressure “measurements” equivalent to InSight’s
are generated by randomly picking up a given grid point in the LES domain for each different
sol (this is a practical application of the ergodic principle). We generate by this procedure 576
different “sols” for each LES listed in Table 1. Then, the exact same pressure-drop detection
algorithm as used for the InSight data, described in section 2.2, is applied to the LES time series
for each generated “sol”.
A first result that can be discussed is the distribution of pressure drops obtained in the LES. As
is shown in Figure 11, the differential distribution of pressure drops caused by convective vortices
are suitably represented by power laws with exponents between 3 and 4, which is in agreement
with the results obtained with Insight (3.5; see Figure 5). We also note that, at all seasons, there
is systematically about 1.5 - 2 times more vortex encounters in the case with higher ambient wind
speed. The exponent of the optimum power-law distribution also appears to change with ambient
wind speed: it is in the range 3 - 3.5 for the LES 10-m/s cases versus 3.5 - 4 for the LES 20-m/s
cases. How the power-law exponent changes with season is much less clear; no particularly clear
trend can be drawn. We also note that the tendency found in InSight observations (section 3.3) of
the deepest pressure drops departing from a power law with exponent 3 - 4 does not appear to be
reproduced by our LES runs. Future studies with a more extended period of time covered by InSight
(e.g., two complete martian years), thereby including more of the deepest vortex encounters, will
allow this question to be fully addressed.
Figure 12 summarizes the equivalent “daily” and seasonal variability of convective vortices
obtained in LES. This figure is obtained by assembling the four LES cases corresponding to the
seasons and the wind conditions experienced by InSight so far: high-wind cases for Ls = 300
◦
(Early mission sequence), Ls = 30
◦ (early Aphelion season sequence), Ls = 120◦ (late Aphelion
season sequence) and low-wind case for Ls = 0
◦ (Dust storm and spring sequence). A random
selection amongst the 576 available “sols” for each considered case emulates the daily variability.
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Figure 10: The typical surface pressure field obtained in our 25-m-resolution Large-Eddy Sim-
ulations is displayed here on the whole 144 km2 domain, for the case Ls = 300
◦ with ambient
wind V = 10m/s. The center of convective cells can be seen as large areas of “burgeoning” maxima
of surface pressure in yellow colors. The convective vortices can be seen as localized round-shaped
areas of pressure minima in violet colors.
A first remark is that, for all the cases displayed in Figure 12, the typical number of detected
vortex encounters per sol is in agreement between the InSight observations and the LES. Secondly,
the LES-reconstructed “daily” variability of vortex encounters within a given sequence can be
quite large, as is observed by InSight. This shows that the daily variability of vortex encounters
observed by InSight can be well described by the statistical nature of turbulence. Each sol of InSight
observations would be an instance of InSight being placed at a different location in the horizontal
structure of the PBL daytime turbulence (exhibited for instance in Figure 10). Thirdly, the overall
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Figure 11: The normalized (differential) distributions of pressure drops detected in the Large-Eddy
Simulations are shown in similar diagrams to those shown in Figure 5. This is obtained by the
same detection/histogram method as the one used for InSight observations. A total of 576 time
series of pressure emulating different “sols” are included for each LES case. The left and right
plots are obtained for respectively LES with ambient wind of 10 m/s and 20 m/s and rows from top
to bottom corresponds to simulations for Ls = 300
◦, Ls = 0◦, Ls = 30◦, Ls = 120◦. The number
of vortex encounters detected in each case is indicated in the title of each plot.
seasonal variability of convective vortices observed by InSight, and the three above-mentioned
sequences, are well reproduced by the set of LES runs. A notable exception is the decrease of
vortex encounters at Ls = 120
◦ onwards, that is predicted by the LES but not observed by InSight
(Figure 8).
5.2 Advection effects
The results in section 5.1 provide confidence that LES are valuable tool to help to interpret the
InSight vortex statistics. Can we confirm with LES the conclusion suggested in section 4.2 that
ambient wind speed seems be a dominant driver of the seasonal variability of the number of vortex
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Figure 12: This seasonal plot emulates what is shown in Figure 8 about the seasonal evolution of
InSight vortex encounters. Four LES cases corresponding to the seasons and the wind conditions
experienced by InSight are included: Ls = 300
◦ and V = 20 m/s (blue squares, Early mission
sequence), Ls = 0
◦ and V = 10 m/s (orange squares, Dust storm and spring sequence), Ls = 30◦
and V = 20 m/s (green squares, early Aphelion season sequence), Ls = 120
◦ and V = 20 m/s (red
squares, late Aphelion season sequence). A random selection amongst the 576 available “sols” for
each considered LES case (i.e. color) emulates the daily variability.
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Figure 13: This Figure is constructed similarly to Figure 12, except that only the LES cases with
an ambient wind of 10 m/s are included: Ls = 300
◦ and V = 10 m/s (blue squares, Early mission
sequence), Ls = 0
◦ and V = 10 m/s (orange squares, Dust storm and spring sequence), Ls = 30◦
and V = 10 m/s (green squares, early Aphelion season sequence), Ls = 120
◦ and V = 10 m/s (red
squares, late Aphelion season sequence).
encounters? Figure 13 shows the LES-generated seasonal plot of vortex variability as in Figure 12,
except that the LES runs are considered at the relevant seasons but with the choice of same ambient
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wind throughout (10 m/s). This figure demonstrates that, if not for the seasonal variability in
ambient wind speed, the vortex encounter at the InSight landing should have decreased steadily,
following the tendency of surface temperature (see Figure 7). This is a similar tendency as the
one drawn for normalized gustiness in section 4.2.2: the surface is colder and colder, meaning the
surface infrared flux is lower and lower, thereby reducing the major energy input in the martian
PBL (i.e. absorption of surface infrared flux by CO2 particles in the lowest part of the PBL) hence
the strength of convective turbulent activity.
LES support the ambient wind speed as the major influence on the seasonal variability of vortex
encounters observed at the InSight landing site. Now, as is discussed in section 4.2, the influence
of ambient wind speed might be twofold. On the one hand, ambient wind speed influences vortex
activity through the advection effect: stronger ambient wind advects more vortices to a given
point, making the encounters on a given sol more frequent. On the other hand, ambient wind
speed influences vortex activity through the formation rate: stronger wind on Mars could make
the sensible heat flux term less negligible compared to the radiative term on the PBL energy
budget, hence leading to stronger turbulence and more vortices forming – provided that enhanced
shearing effects would not prevent the formation of vortices. We can use the LES to distinguish
the two effects in a different fashion than what is permitted by the InSight time series. Instead
of a vortex count performed along the time dimension to mimic InSight detections, we performed
vortex counting on the whole horizontal LES domain of 144 km2, identifying pressure minima in
the complete pressure field as in Figure 10. This allows formation-rate effects to be emphasized,
rather than advection effects.
The results are shown in Figure 14. We found that in our LES, for all the four seasons
considered and consistently at all relevant local times, fewer convective vortices are forming when
the background wind is doubled from 10 to 20 m/s. This could be considered as a counter-intuitive
result since large ambient wind speed enhances horizontal vorticity known to be a precursor of
convective vortex formation (Toigo and Richardson, 2003; Rafkin et al., 2016). Yet, as is mentioned
above in the text, this robust conclusion that less vortices form in larger-ambient-wind LES runs
could be explained by shearing effects: strong ambient wind is deforming the convective cells and
adversely affecting the formation of vortices; in terrestrial field studies, windy days are well-known
to be met with far fewer, if any, dust-devil vortex encounters (Balme et al., 2012; Kurgansky et al.,
2011; Lorenz et al., 2016). Another potential line of explanation is a possible lower longevity of
convective vortices in the high-wind case – since vortices would be more short-lived in the high-
wind case, fewer of them would be detected in the horizontal LES pressure field. This was also
found in the high-resolution terrestrial LES by Giersch et al. (2019): low-wind conditions favor
more long-lasting vortices than high-wind conditions.
The analysis of LES thus strongly suggests that the seasonal variability of vortex encounters
observed at the InSight landing site is dominated by the seasonal variability of wind speed, most
probably through an advection effect.
5.3 Vortex tracks
Although no visible dust devils have been detected by the InSight cameras (Banfield et al., 2020),
numerous fresh tracks were detected from orbit in the region of the InSight landing site (Perrin
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Figure 14: Pressure drops caused by convective vortices are detected here in the horizontal surface
pressure field (as is shown in Figure 10) rather than InSight-equivalent time series. The plots show
the number of vortices detected at different local times in the most active period for turbulence
convection in LES. The left and right plots respectively refer to LES runs with ambient wind speed
of 10 m/s and 20 m/s. From top to bottom, the LES cases for Ls = 300
◦, Ls = 30◦, Ls = 120◦ are
considered.
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Figure 15: The upper left panel shows a “dark track” spatial map emulated from LES by ex-
tracting the maximum friction velocity at each grid point of the domain in the local time inter-
val [12:00,13:00]. The same orange colour is used for all values of friction velocities below 1 m/s.
Conditions for the Early mission sequence are considered here (i.e. LES run with Ls = 300
◦ and
ambient wind speed of 20 m/s). The upper middle and top panels respectively show a binarized ver-
sion of the upper-left image and a Radon transform of this binarized image to detect linear tracks.
The detection methods used here are similar to those developed for HiRISE images in Perrin et al.
(2020). The histograms of the distribution of track angles (left) and lengths (right) are displayed
at the bottom of the figure.
et al., 2020), sometimes corresponding to tracks identified by InSight cameras (Banerdt et al.
(2020) and Charalambous et al., this issue). Those dark tracks are putatively formed by convective
vortices able to lift enough bright dust particles from the surface to make the underlying darker
material apparent – although those vortices probably do not carry enough dust particles in their
vortical structures to be seen as dust devils by the InSight cameras.
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The formation of dark tracks seen from orbit can be emulated by LES. Assuming the above
formation mechanism, tracks would correspond to locations where the wind stress would exceed
a certain lifting/saltation threshold value (Michaels (2006); see also Baker et al. this issue). We
show in Figure 15 a possible mapping of tracks produced by our LES integrations, obtained by
calculating the maximum of friction velocity (see section 6.1 in Spiga et al. (2018)) at each grid
point during an active daytime one-hour interval of the LES simulation. The “contrast” of the
image is set by defining the same color for all friction velocities below 1 m/s, this color acting
as a proxy for undisturbed martian soil devoid of dark tracks. The “equivalent orbital image”
of dark tracks obtained from LES is then analyzed with the exact same semi-automated tracking
procedure explained in Perrin et al. (2020).
On Figure 15, a total of 51 tracks are detected on the 144 km2 LES domain within one hour.
Considering 6 hours of daytime vortex activity (Figure 4) and assuming for simplicity a constant
formation rate, this translates to a maximum track formation rate of 2 tracks per sol per km2. This
is clearly much larger than the minimum formation rate of 0.04 - 0.06 tracks per sol per km2 found
by Perrin et al. (2020), even considering the very exceptional period of intense dust devil activity at
the beginning of the InSight mission (i.e. 0.68 tracks per sol per km2). Actually, this “threshold”
value of 1 m/s is chosen to be permissive to detect enough tracks to form a reasonable statistics to
compare to images in Perrin et al. (2020) in the next paragraph. A normal track formation rate,
like in Perrin et al. (2020) and the pre-landing estimates by Reiss and Lorenz (2016), yields about
1 track per hour for a LES domain size of 144 km2. This means that only the darkest track in
Figure 15, obtained for a friction velocity of about 1.4-1.5 m/s, would correspond to a realistic case
of the orbital images of Perrin et al. (2020), which illustrates the stringent conditions for lifting
dust particles from the surface in the vicinity of the InSight landing site. This is echoed by the
scarcity of surface change events witnessed by InSight cameras, which corresponds to the strongest
pressure drops and associated wind gusts monitored by InSight APSS (see Charalambous et al.
and Baker et al., submitted to this issue).
The typical track length (ranging from 500 m to about 5 km) and the distribution angle (ranging
20◦ apart from the ambient wind direction, with a standard deviation of 9◦) are in good agreement
with the values obtained with HiRISE orbital images with the same method (Perrin et al., 2020).
Furthermore, the low standard deviation of tracks under fairly high ambient wind speed (10 m/s)
confirm that the linearity of tracks increases with the ambient wind speed (see Balme et al. (2012);
Perrin et al. (2020) on Earth and on Mars, respectively).
6 Convective cells and an estimate of the convective PBL
depth
The pressure sensor on board InSight is more sensitive than any pressure sensor sent on a lander
to Mars (Banfield et al., 2018). This allows the signal of convective cells to be detected as quasi-
periodic signals in the pressure time series, on longer timescales than vortices and gusts (see
Figure 1) because their spatial scales are larger (see the brightest areas in Figure 10). Here we
report a first analysis on a typical case, but a more in-depth analysis is warranted in the future.
A particularly clear example is provided in Figure 16. On all atmospheric measurements
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Figure 16: In this figure, the blue lines show the observed daytime signal by the InSight APSS
instruments on sol 234 (Ls = 57
◦): pressure (upper left), wind speed (upper right), wind direction
(lower left), temperature (lower right). The red lines in each subpanel corresponds to a smoothing
average of the signal with a Hanning window of 5000 seconds. The signal detrended by this smooth-
ing average is analyzed with wavelet transforms to identify quasi-periodic patterns. Each displayed
atmospheric time series has its wavelet analysis shown below the line plot and encompassing the
same local time interval. Details on the wavelet analysis are provided in the Methods section of
Banfield et al. (2020). It is based on the approach described in Torrence and Compo (1998) and
coded in Python by Evgeniya Predybaylo.
(pressure, wind speed, wind direction, atmospheric temperature), quasi-periodic variations with
periods 1500-2000 seconds are observed (a similar signal is also found on the solar array data, see
Lorenz et al. (2020)). This is also observed in the field on Earth (Lorenz, 2012) and predicted by
Large-Eddy Simulations (Spiga, 2012; Spiga et al., 2018).
Quasi-periodic variations of pressure, wind, temperature are caused by the advection of convec-
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tive cells by the ambient wind. In other words, this signal in the InSight data is another illustration
of the key role played by advection of PBL turbulent structures by the ambient wind. The width
of convective cells scales with the PBL mixing height, hence the quasi-periodic signal makes it
possible to estimate the PBL mixing height.
In the case considered in Figure 16, the ambient wind is about 7-8 m s−1 when the quasi-
periodic oscillations appear, which means the width of the convective cells (hence, the PBL depth)
ranges from 10.5 km to 16 km, assuming direct advection of the cell-induced pressure signatures
by the ambient wind speed. It is important to note here that, in a LES case where the PBL depth
is known, Spiga (2012) found that multiplying the quasi-period with the ambient wind yields an
estimate of PBL depth that is about twice the real value of the PBL depth deduced from studying
the vertical mixing depth in LES (e.g., Spiga et al. (2010)). We conclude that the PBL depth in
the case of the InSight observations ranges from 5 km to 8 km, which is typical of active Martian
daytime PBL conditions (Tillman et al., 1994; Hinson et al., 2008; Fenton and Lorenz, 2015).
However, this range is also large and corresponds to the typical regional variability of the PBL
depth on Mars (Hinson et al., 2008; Spiga et al., 2010; Hinson et al., 2019). Furthermore, the typical
PBL depth obtained for the LES with InSight conditions is about 5-6 km, i.e. corresponding to
the lower range obtained by the above estimate.
This makes the estimate of PBL depth by the quasi-periodic signal probably valid only to an
order of magnitude. As a result, by this method, it was difficult to obtain the variability of the
PBL depth with local time and season. Furthermore, the case displayed in Figure 16 is one of the
most favorable: while quasi-periodic signals are very often detected in the daytime measurements
by InSight, clearly determining their period has resulted to be challenging – especially given the
challenges posed by InSight temperature measurements (see section 2.1). A systematic exploration
is warranted as future work and considered out of the scope of the present paper.
7 Conclusions
The conclusions of our study may be summarized as follows.
1. High-sensitivity continuous pressure, wind, temperature measurements by InSight exhibit sig-
natures of convective gusts, cells, and vortices associated with daytime Planetary Boundary
Layer (PBL) turbulence. InSight measurements can be fruitfully compared to turbulence-
resolving Large-Eddy Simulations (LES).
2. Simultaneous quasi-periodic variations of pressure, temperature, and winds, with periods
1000 to 2000 seconds, are attributed to the advection of convective cells by the ambient
wind. The typical daytime PBL mixing depth obtained from this signal is in the range
5-8 km.
3. The InSight landing site is particularly prone to vortex encounters. More than 9000 pressure
drops deeper than 0.3 Pa are detected in the first 400 sols of InSight operations.
4. The differential distribution of observed vortex-induced pressure drops at the InSight landing
can be well represented by a power-law with a 3.5 exponent, although this appears to lead
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to an underestimate the population of the largest vortex-induced pressure drops observed by
InSight.
5. The equivalent distribution in LES is in agreement with InSight observations, exhibiting ex-
ponents ranging from 3 to 4. A slightly steeper distribution (i.e. higher power-law exponents)
are found for LES run with lower ambient wind speed.
6. The InSight “vortex encounter” dataset does not allow the identification of which model of
radial profile of pressure perturbation within the vortex is the best amongst the three widely
used models of Vatistas et al. (1991), Ellehoj et al. (2010), and Lorenz et al. (2015).
7. With the help of LES, the variability of vortex encounters from one sol to the other at the
InSight landing site can be explained by the statistical nature of daytime PBL turbulence.
8. On a seasonal basis, the vortex encounters at the InSight landing site are much more corre-
lated to the ambient wind speed than with the surface temperature and surface-to-atmosphere
temperature gradients. This conclusion is supported by LES.
9. Normalized wind gustiness (i.e., standard deviation of wind speed over mean wind speed) is
more correlated to surface temperature than ambient wind speed, confirming the radiative
control of the daytime martian PBL.
10. An analysis of vortex population in the horizontal pressure field of the LES runs indicates
that fewer convective vortices are forming when the background wind is doubled from 10 to
20 m/s.
11. Conclusions #8 #9 #10 led us to conclude that the long-term seasonal variability of vortex
encounters at the InSight landing site is mainly controlled by the advection of convective
vortices by the ambient wind speed.
12. Typical tracks followed by vortices forming in the LES show a similar distribution in direction
and length as orbital imagery of the InSight region; to match the rate of track formation,
only the strongest vortex-induced wind gusts predicted by LES (close to friction velocities
1.5 m s−1) has to lead to bright dust particles being moved on the surface.
The meteorological measurements by the instruments on board InSight make a uniquely rich
dataset to study the daytime PBL dynamics, as is already demonstrated by the first 400 sols of
InSight operations. It is not possible to fully unleash here, in one study, the potential of the InSight
measurements to study atmospheric turbulence. Some conclusions reached in this paper will have
to be revisited once a more extended period of time has been monitored by InSight. We also
emphasize here that further comparisons between turbulence-resolving models and in situ high-
frequency continuous measurements at the surface of Mars will allow the broadening of knowledge
on PBL turbulence both on Mars and elsewhere.
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